We report a novel post-loading approach for constructing a multifunctional biodegradable polyacrylamide (PAA) nanoplatform for tumor-imaging (fluorescence) and photodynamic therapy (PDT). This approach provides an opportunity to post-load the imaging and therapeutic agents at desired concentrations. Among the PAA nanoparticles, a formulation containing the photosensitizer, HPPH [3-(1′-hexyloxyethyl)pyropheophorbide-a], and the cyanine dye in a ratio of 2:1 minimized the undesirable quenching of the HPPH electronic excitation energy because of energy migration within the nanoparticles and/or Förster (fluorescence) resonance energy transfer (FRET) between HPPH and cyanine dye. An excellent tumor-imaging (NIR fluorescence) and phototherapeutic efficacy of the nanoconstruct formulation is demonstrated. Under similar treatment parameters the HPPH in 1% Tween 80/5% aqueous dextrose formulation was less effective than the nanoconstruct containing HPPH and cyanine dye in a ratio of 2 to 1. This is the first example showing the use of the postloading approach in developing a nanoconstructs for tumor-imaging and therapy.
Both cancer detection and treatment depend on selective delivery of appropriate agents to the malignancy. Photodynamic therapy (PDT), a relatively new modality for the treatment of a variety of oncological, cardiovascular, dermatological, and ophthalmic diseases, is based on the preferential localization of photosensitizing molecules, (photosensitizers, PS) in target tissues. [1] [2] [3] [4] [5] On light activation, the PS produces reactive singlet oxygen, 5 which damages tumor cells and neovasculature, and also initiates antitumor inflammatory and immune responses. 6, 7 We and others have developed relatively tumor-avid PS, which selectively accumulate in tumor, and these molecules have been used to carry optical, positron emission tomography (PET), and magnetic resonance (MR) imaging agents to the tumor sites. 8, 9 However, the tumor selectivity of current PS is not always adequate. Approaches that link PS to antibody fragments or receptor ligands have been disappointing because the number of required PS/cell generally is greater than the number of antigen or receptor binding sites. 10 Conversely, the imaging agent carrying capacity of the individual PS molecules is limited.
Nanotechnology platforms potentially can deliver large numbers of PS and/or imaging agents. [11] [12] [13] Nanoparticles (NPs) are uniquely promising in that (1) their hydrophilicity and charge can be altered; (2) they possess enormous surface area that can be modified with functional groups possessing a diverse array of chemical and biochemical properties, including tumor-selective ligands; (3) owing to their sub-cellular and sub-micron size, they can penetrate deep into tissues and are generally taken up efficiently by cells; (4) because numerous universal strategies for the preparation of nanomaterials are already in place, PS-loaded NPs can be made by numerous methods, such as covalent linkages and self-assembly. We have recently shown that HPPH, developed in our laboratory [14] [15] [16] [17] [18] [19] and currently under Phase I/II clinical trials, when conjugated with certain cyanine dyes can be used for both fluorescence imaging and photodynamic therapy. 20, 21 The conjugate showed potential tumor imaging and PDT efficacy, but compared with the imaging dose the required therapeutic dose was eight-fold higher. Increasing the number of HPPH moieties in synthetic photosensitizer-cyanine dye (PS-CD) conjugates did not minimize the therapeutic dose. 20 We envision the comprehensive development, characterization and validation of multifunctional nanovector platforms that can deliver tumoravid therapeutic photosensitizers that only become active (and toxic) when illuminated by specific wavelengths of light, and, in addition, carry one or more imaging agents; these nano-platforms thus could enable both diagnosis and image-guided therapy.
Among the NPs, hydrogel polyacrylamide (PAA) in which the monomeric units are linked together with ester bonds have been of particular interest because of their biocompatibility/biodegradability and low toxicity. 22, 23 Using biodegradable polymer-based NPs avoids multi-step synthesis and has numerous advantages including the ability to create water soluble formulations with desired pharmacokinetic properties, capable of delivering a high payload of the multiple agents (therapeutic PS and imaging agents) to tumors, increased photostability of photoactive agents and fluorophores, and the ability to modify the surface of the NP for conjugation to a variety of biomolecules. NPs and other macromolecular objects can passively target the tumor interstitium, via the "enhanced permeability and retention" (EPR) effect because of the leaky vascular system in tumors. 24, 25 In addition, the poor lymphatic drainage system in tumors causes fluid retention in the tumor interstitial space, which helps to retain polymeric NPs and other macromolecular objects in the tumor compared with normal tissue. 24, 25 For these reasons, NPs are a promising means for delivering therapeutic and other molecular agents to tumors.
Because NPs could deliver a high payload of the drug to tumor, we investigated the use of a PAA-based nanoconstructs for delivering both the near-infrared (NIR) CD fluorophore and the red-light absorbing photosensitizer HPPH. The release of the desired imaging and therapeutic agents may also be controlled by creating an NP that is pH or temperature sensitive, or by modifying the pores of the NP matrix. 26 In a parallel study 27 we encapsulated the PS within polymeric NPs, but the retention efficiency was low, therefore a large concentration of NPs was required to achieve the desired therapeutic dose. To increase the retention of the PS within the NP, we decided to form the NPs first and then load the PS into the porous PAA-NPs. This novel loading approach of the desired agents was termed "postloading." In this procedure, both HPPH (phototherapeutic agent) and the CD (NIR fluorescence imaging agent) moieties were highly retained in the NPs (confirmed by release kinetics) and provided constructs for non-invasive detection of tumors and delineation of the tumor margins by NIR fluorescence imaging.
Fluorescence imaging is a non-invasive and non-ionizing imaging technique that requires only nanomoles of fluorophores for contrast enhancement. 24, 25 The NIR spectral range (∼650-950 nM) is known as the "biological window" for optical imaging because light absorption caused by water, deoxygenated hemoglobin, and oxygenated hemoglobin is minimized in this region, as well as tissue autofluorescence and light scattering. 12, 13 In this study we compared the photosensitizing and NIR fluorescence imaging potential of several biodegradable PAA NP formulations, in which the HPPH and CD moieties were post-loaded at a 2:1 and a 4:1 ratio, respectively. These formulations were significantly different in tumor uptake, in pharmacokinetics and in in vivo imaging and PDT efficacy.
Methods

Materials
Human serum albumin, Tween-80, and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich (St. Louis, Missouri). Bovine calf serum (BCS) was purchased and dPBS (pH 7.4, 1×, without calcium and magnesium) were purchased from Cellgro (Mediatech, Manassas, Virginia). Ethanol (200 proof) was purchased from Pharmco-Aaper (Shelbyville, Kentucky). All solutions were prepared with 18 MΩ water purified by a Millipore Milli-Q Advantage A10 water purification system. The 30-and 100-kDa Amicon Ultra-15 and Ultra-4 centrifuge filters were purchased from Fisher Scientific (Pittsburgh, Pennsylvania).
Animal studies
All animal studies were performed following the animal protocol guidelines approved by Institutional Animal Care and Use Committee (IACUC).
Synthesis of blank NPs
The PAA NPs were prepared by following our previous report with slight modifications (see Supplementary Materials, available online at http://www.nanomedjournal.com, for the synthesis). 26 Post-loading of the PS 1, and the CDs 2, and 3 to blank AFPAA to create nanoconstructs 4, 5, 6, 9, and 10
In brief, 10 mg lyophilized PAA NPs were suspended in 1 mL of 1% Tween-80/water solution and to this solution 10 μL of 1, 2, or 3 (20 mM in DMSO) is added and magnetically stirred at a constant rpm for 2 hours. The NPs were centrifuge filtered in a 30-kDa Amicon Ultra-15 centrifuge filter for 30 minutes at 5000 RPM and then the NPs were reconstituted with water. The NPs were syringe filtered with a 0.2-μM regenerated cellulose syringe filter. Nanoformulation 9 and 10 were created by mixing nanoconstruct 1 and 3 such that the molar ratio of 1 to 3 was 2:1 and 4:1, respectively. The NPs are stored at 4°C until further use. For details see Supplementary Materials.
Post-loading of the PS 1 and the CD 3 to blank AFPAA to create nanoconstructs 7 and 8
On measuring the concentration of PS 1 in nanoconstruct 6, CD 3 in DMSO (20 mM) was added such that the molar ratio of PS 1 to CD 3 was either 2:1 or 4:1. Once CD 3 was added, the procedure is the same as for post-loading, PS 1, or CD 2 and 3. For detailed procedure see the Supplementary Materials.
Release kinetics procedure
The in vitro release profile of the PS 1, and the CD 3 in nanoconstructs/formulations 5−10 was measured. The NPs from all formulations were suspended in a 1% human serum albumin (HSA)-water solution and immediately the absorbance value for the HSA/nanoconstruct solution were measured spectrophotometrically. To measure the release of the PS 1 and/or the CD 3 from the NP, the NP solution is centrifuge filtered in a 100-kDa Amicon Ultra-4 centrifugation filter for 20 minutes at 4000 RPM. The absorbance of the PS or fluorophore in the filtrate was spectrophotometically measured (filtrate 1). The NPs in the retentate were reconstituted to the original volume with 1% HSA and re-centrifuge filtered (filtrate 2) and measured spectrophotometrically. The amount of 1 and/or 3 retained by the NP was confirmed by measuring the absorbance of the retentate on reconstitution to the original volume with 1% HSA. If the sum total of all filtrates and the retentate is less than 90% of the stock value for either chromophore, then ethanol is added to the centrifuge filter to measure what had adsorbed to the filter. These measurements were taken immediately postaddition of the nanoconstructs in a 1% HSA solution, 4 and 24 hours post-addition of the nanoconstructs in the 1% HSA solution. In addition the release of PS 1 and CD 3 in nanoconstruct 7 was measured in 25% BCS at 37°C. The procedure followed for the release of the PS/fluorophore in 25% BCS was similar to that of 1% HSA, except that the measurements were taken at 4, 8, 12, and 24 hours postaddition of nanoconstruct 7.
Optical imaging setup
The fluorescence imaging was conducted in accordance with a protocol approved by the IACUC at Roswell Park Cancer Institute and the Guide for the Use of Laboratory Animals. BALB/c mice (three mice/group) bearing subcutaneous Colon 26 tumors on the right shoulder were injected intravenously (tail-vein) with either CDs or nanoconstructs/-formulations. For a detailed description of the groups of mice imaged along with the dose, see the Supplementary Materials.
Absorbance, fluorescence, and singlet oxygen measurements
The absorbance measurements were performed on a Varian Cary-50 Bio Ultraviolet (UV)-Visible spectrophotometer. The concentrations of the NP formulations were measured in ethanol using 47,500, 200,000, and 207,455 L mol −1 cm −1 as the respective molar extinction coefficients of 1, 2, and 3.
A SPEX 270M spectrometer (Jobin Yvon, Longjumean, France) was used for acquisition of fluorescence emission spectra in the far red and NIR spectral ranges, using the first output port equipped with an InGaAs photodetector (Electrooptical Systems Inc., Phoenixville, Pennsylvania). A diodepumped solid-state laser (Verdi, Coherent Inc., Santa Clara, California) at 532 nM was the excitation source. Generation of singlet oxygen ( 1 O 2 ) was detected by its phosphorescence emission peaked at 1270 nM. The decays of this emission were acquired using the Infinium oscilloscope (Hewlett-Packard, Palo Alto, California) coupled to the output of the Hamamatsu IR-PMT, which is attached to the second output port of the SPEX 270M spectrometer. Nanoconstructs 5−8 in polystyrene cuvettes were placed in front of the entrance to the spectrometer. The emission signal was collected at 90-degrees relative to the exciting laser beam with the use of additional long-pass filters (a 950LP filter and/or a 538AELP filter) to attenuate the scattered light and fluorescence from the samples. A second harmonic (532 nM) from the nanosecond pulsed Nd:YAG laser (Lotis TII, Camarillo, California) operating at 20 Hz was used as the excitation source for time-resolved measurements.
In vivo photodynamic therapy
Eight-to 12-week-old BALB/cAnNCr mice (Jackson Laboratory, Bar Harbor, Maine) were inoculated subcutaneously with 1 × 10 6 Colon 26 cells. When tumors reached 40−70 mm 3 , mice were injected intravenously (tail vein) with PS 1 (formulated in 1% Tween 80/D5W) or PAA nanoconstructs/formulations 6−10 suspended in water and further diluted in D5W. After 24 hours after intravenous injection (dose of PS 1: 0.47 μmol/kg), mice (BALB/c mice bearing Colon 26 tumors, ten mice/group) were restrained in plexiglass holders and tumors were irradiated at 665 nM with a fluence and fluence rate of 135 J/cm 2 at 75 mW/cm 2 , respectively, using a pumped argon-dye laser. The growth of tumors was measured two to three times per week and the mice were monitored for a total of 60 days post-PDT treatment. When the tumor regrowth was N400 mm 3 , the mice were euthanized according to the guidelines of the instituteapproved animal protocol.
Results
Preparation of HPPH and NIR CD post-loaded PAA NPs
In an ongoing SAR study with a series of CDs, we modified IR820 2 with limited imaging potential to a highly avid CD 3 in which the chloro-group of IR820 was replaced with a p-aminothiol functionality. CD 3 formulated in 1% Tween 80/5% dextrose was tumor avid, but the corresponding PAA formulation produced enhanced tumor contrast. On the other hand PS 1 (HPPH) and nanoconstruct 6 showed similar PDT efficacy with 40% tumor cure at a dose of 0.47 μmol/kg. Although the PAA formulation did not enhance the PDT efficacy at similar treatment parameters, it did show a markedly improved tumor-specificity (determined by fluorescence imaging). 28 Our objective was to prepare a single platform for imaging and therapy, therefore we investigated a synthetic approach in which the PS 1 was conjugated with 3. The resulting product showed excellent tumor-imaging ability (dose: 0.3 μmol/kg), but the therapeutic dose was eight-to tenfold higher. The low activity of the conjugate could be due to a part of the singlet oxygen produced by exposing the tumors with light was quenched by the CD, which reduced its activity and thus required a higher dose of the agent (HPPH-CD) for achieving efficacy similar to PS (HPPH) 1. HPPH-CD conjugate also exhibited significant Förster (fluorescence) resonance energy transfer (FRET), which indirectly correlates to singlet oxygen production, a key cytotoxic agent for PDT. In other words molecules with higher FRET should show reduced singlet oxygen production and PDT efficacy Figure 1 .
Therefore, for our current study we were interested in preparing a series of multifunctional PAA nanoplatforms in which the PS and the CD molecules are post-loaded together in variable ratios or separately post-loaded (Figure 1 , nanoconstructs 4−10) and to investigate their tumor imaging and therapeutic potential. We anticipated that among all the nanoconstructs, the nanoformulation 10 in which PS and CD were separately post-loaded and then mixed in a ratio of 4 to 1 may show enhanced PDT response because of lower singlet oxygen quenching probability by the CD or the energy transfer between the two chromophores (PS and CD), which could result in higher singlet oxygen production and improved long-term tumor cure.
Characterization of PAA NPs: size, dispersion, and release kinetics
To characterize the size and dispersity of the NPs, dynamic light scattering (DLS) and scanning electron microscopy (SEM) was used. The DLS showed a mean diameter of 33.5, 32.5, and For PDT, porous NPs are advantageous since release of PS from the NP is not required for the singlet oxygen to diffuse into the tumor cells. However, if the release profile is rapid the NP may not be able to efficiently deliver a high payload of the desired agent to tumor. Therefore, we investigated the release profiles of the PS 1 and the CD 3 from nanoconstructs 5−10, respectively, by incubating them in 1% HSA at variable time points. The release profiles are summarized in the Supplementary Materials. The release of PS 1 in nanoconstruct 6 showed a two-phase release, where an increase in the release was seen in the first 4 hours, which subsequently decreased during the following 20 hours. Compared with nanoconstructs 7−10, nanoconstruct 6 showed the highest retention of PS 1 (HPPH) over a 24-hour period with approximately 87% being retained. When comparing the percentage of PS 1 retained (at the initial time point, time zero), on addition of 1% HSA, the nanoconstruct 8 and 10 showed the highest retention (∼84%) of the PS. To mimic the release of PS 1 and CD 3 from nanoconstruct 7 in vivo, the nanoformulation 7, which provided the best wholebody fluorescence imaging and PDT response, was also subjected for the release of both the chromophores in 25% BCS (37°C) at 4, 8, 12, and 24 hours post-addition. The maximum release (3.2%) for PS 1 occurred at the 4 hour time point, whereas for the CD 3, the maximum release (2.8%) was observed at the 8 hour time point. These results were interesting to show a slower release of both the CD and the PS under physiologically relevant conditions.
Fluorescence imaging ability of various formulations
To show that CD 2 (IR820, Sigma-Aldrich) has poor tumor selectivity, whole body fluorescence imaging of BALB/c mice bearing subcutaneous Colon 26 tumors was performed. The water insoluble fluorophore 2 was formulated in a 1% Tween-80/5% dextrose solution and was injected intravenously at a dose of 0.3 μmole/kg. The mice were imaged at 24, 48, and 72 hours post-injection (Figure 2, B-D) . Because of the rather poor tumor localization of 2, we post-loaded it into PAA NPs formulation 4 and compared their tumor uptake and fluorescence imaging abilities. The results summarized in Figure 2 clearly indicate much improved tumor selectivity of the PAA NP formulation 4 over the free fluorophore 2. Under similar imaging parameters, modified CD 3 and the corresponding nanoconstruct 5 (CD 3 post-loaded to PAA NPs) were also imaged ( Figure 2 ). As can be seen, compared with CD 2 (Figure 2 ), the modified version 3 showed higher uptake and improved tumor-imaging ability (Figure 2 , J-L). On postloading the CD 3 to PAA NPs, its uptake and tumor-imaging ability at 24, 48, and 72 hours post-injection was further enhanced (Figure 3 , N-P) with the difference in intensity in the tumor for 5 being statistically higher (P b 0.05) at 24 hours post-injection. We then decided to investigate further the use of these biodegradable NPs in developing a "multifunctional" nanoplatform. The fluorescence imaging of PAA nanoconstructs/formulations 7−10 in which HPPH 1 and CD 3 were post-loaded at a ratio of 2:1 and 4:1 (either in a single NP 7 and 8 or in separate NPs 9 and 10), respectively, was investigated in BALB/c mice bearing Colon 26 tumors. On comparing the images obtained by using the CD 3 alone and the corresponding nanoconstructs 5, 7−10 the maximum accumulation in the tumor for 3 was observed at 48 hours post-injection (Figure 2, K) , whereas the nanoconstructs produced the maximum tumor uptake at 24 hours postinjection (Figures 2 and 3 ). This could be due to a significant difference in the pharmacokinetic characteristics of the products in two different formulations. In nanoconstructs 7 and 8 in which the PS and CD were post-loaded in a ratio of 2 to 1 and 4 to 1 on excitation of the CD at 782 nM gave fluorescence at 866 and 870 nM, respectively. Interestingly, both nanoconstructs on in vivo excitation at 665 nM produced a significant fluorescence beyond 860 nM, which can be explained by the phenomenon known as the FRET, or by the more general phenomena of energy migration, or excitation percolation, followed by energy trapping, 29, 30 analogous to the energy transport and funneling process in photosynthetic antenna. On the basis of imaging results summarized in Figure 4 , the nanoconstruct 7 provided the greatest contrast between the tumor and non-tumor tissues. 
Correlation between energy transfer and singlet oxygen production efficiency
It is known that when a PS is in close proximity to a longer wavelength-absorbing fluorophore, with a spectral overlap between the fluorescence of the PS and the absorbance of the fluorophore, then on exciting the PS, the PS fluorescence decreases because of the energy transfer to the fluorophore and the singlet oxygen yield also diminishes. 22, 24 This phenomenon was evident for the nanoconstructs containing both the PS and the CD. To determine the degree of energy transfer between PS and fluorophore, the fluorescence of nanoconstructs 7 and 8 were compared with 5 and 6. The concentration for the CD was kept constant in all nanoconstructs and the concentration of 1 for nanoconstruct 6 and 8 was kept the same and was two times higher than for nanoconstruct 7. The fluorescence spectrum in Figure 5 , B shows the difference in fluorescence intensity for 6, 7, and 8, which resulted from the different efficiency of the PS→CD energy transfer in these nanoconstructs. This energy transfer caused a decrease in intensity of the PS fluorescence along with an increase in CD fluorescence intensity. The energy transfer was strongest for nanoconstruct 8 because the fluorescence spectrum displayed the least intense fluorescence band from PS moiety (λ max ≈ 670 nM) and the most intense fluorescence band from the CD moiety (λ max ≈ 870 nM) on excitation at 532 nM ( Figure 5, B) . Also, on excitation of 3 at 785 nM, CD fluorescence was more intense for nanoconstructs 7 and 8 than for pure CD nanoconstruct 5, even if difference in absorption at 785 nM was minimal ( Figure  5, C) . This was an effect of the post-loaded PS molecules; their presence in the post-loaded PAA NPs could result in a more dense environment for the CD molecules, which, in turn, enhanced the radiative rate for the CD fluorophore. Overall, combination of the facts that the PS fluorescence under 532 nM excitation for 7 and 8 was less intense than for 6 and, at the same time, CD fluorescence under 532 nM excitation was more intense for 7 and 8 than for 5 unambiguously demonstrates that energy transfer PS→CD occurs in nanoconstructs and its efficiency for 8 was higher than that for 7. This higher ET efficiency can be explained by the higher concentration of PS post-loaded to NPs resulting in less average distance between PS chromophores, allowing electronic excitation to migrate from one PS molecule to others, before being trapped by the CD chromophore. Lovell et al 31 had reported a similar observation in a series of pyropheophorbide-a conjugated with quenchers. An increase in concentration of the PS possibly results in a higher probability of electronic excitation energy percolation causing the trapping of the electronic excitations by lower concentration of the quenchers (CDs).
To confirm that the more efficient PS→CD energy transfer in the nanoconstructs correlates with a less efficient production of singlet oxygen, we compared the singlet oxygen generation yield of the nanoconstructs using the singlet oxygen phosphorescence spectroscopy. Phosphorescence decays are shown in Figure 5 , D and demonstrate two clearly distinguishable decay rates for the singlet oxygen. One is shorter with a lifetime of ∼4 μs (which is close to the lifetime of singlet oxygen in water 32 ) suggesting that it is derived from the excited oxygen molecules decaying in aqueous environment. The second decay rate is much longer with a lifetime of ∼100 μs, which is apparently associated with singlet oxygen decaying within the PAA matrix. The production of singlet oxygen was highest for the PS only formulation (nanoconstruct 6) and decreases for three others in the order of 8N7N5. We assume that the production of singlet oxygen by 5 was negligible because it does not contain PS; thus the decay curve for 5 practically depicts the Instrument Response Function of the setup. These results were understandable because there was twice the amount of PS in nanoconstruct 8, which should produce more singlet oxygen, even if energy transfer from PS is more efficient in 8 than in 7. Overall, it is important to stress that both 8 and 7 nanoconstructs showed singlet oxygen production comparable with that from the PS NP formulation, nanoconstruct 6. These and our current results demonstrate that in a two-chromophore system, an increase in FRET and/or energy percolation increases the fluorescence intensity of the acceptor or longer wavelength (lower energy) chromophore, which decreases singlet oxygen production. . Under same treatment parameters nanoconstruct 7 (containing HPPH and CD in a ratio of 2:1) showed the best long-term PDT efficacy (six/ten mice were tumor-free on day 60).
Comparative in vivo PDT efficacy of PAA NPs containing HPPH and CD in variable ratios (nanoconstructs 6−10 versus PS 1) HPPH, derived from chlorophyll-a, is an effective PDT agent with low skin phototoxicity and, in BALB/c mice bearing Colon 26 tumors, a complete PDT response of 40% was observed at a dose of 0.47 μmoles/kg on exposing the tumors with light at 665 nM, delivered at a fluence, and fluence-rate of 135 J/cm 2 and 75 mW/cm 2 24 hours post-injection. To compare the newly developed nanoconstructs with free HPPH, we used similar treatment parameters as described above. In preliminary screening, the PDT response (no tumor regrowth) for HPPH 1, nanoconstructs 6, 7, 8, 9, and 10 was 40%, 40%, 60%, 30%, 40%, and 30%, respectively. The nanoconstruct 7 containing HPPH and CD 3 in a ratio of 2:1 was more effective than PS 1 alone in 1% Tween 80 formulation and nanoformulations 9 and 10, and also provided (1) the ability to both image and treat the tumors, which could be extremely useful for a "See and Treat" approach and (2) compared with the synthetic HPPH-CD conjugate in which the imaging dose was eight-to tenfold lower than the therapeutic dose, a single dose (0.47 μmoles/kg) of nanoconstruct 7 can be used for both tumor imaging and PDT Figure 6 .
Discussion
In our hands, compared with encapsulation, 29 the postloading approach was more effective when hydrophobic compounds were used in conjunction with PAA NPs. PAA NPs provide a great platform for post-loading because of the porous nature of the polyacrylamide-based hydrogels, wherein the hydrophobic part of the molecule may interact preferentially. We have found that the surfactant Tween-80 plays an important role in efficient retention of the compounds within the NPs. Its presence in an aqueous solution apparently causes formation of a micellar layer on the nanoconstruct surface, whereby the polyethers form the outer hydrophobic layer and the oleic acid forms the inner, more hydrophobic layer of the construct.
Among all organic NIR fluorophores, CDs in general have shown great potential for fluorescence imaging. 30 In this series of compounds, IR820, a NIR CD, is of particular interest because of its inherent desirable photophysical characteristics, namely, excitation and emission in the NIR range beyond 750 nM, which allows for deeper tissue penetration of activating light; however, its tumor uptake is known to be low.
Burns et al, 28 have shown that when Cy5 was encapsulated within PEG-coated silica NPs (3.3 and 6.0 nM diameter, respectively), the fluorescence intensity of the dye increased by 2.0-2.5 times, compared with that of the free dye. This prompted us to investigate the use of PAA nanoconstructs for the delivery of both imaging and therapeutic agents. We found that the newly constructed NPs were capable of delivering a high payload of both the PS and CD molecules to the tumor. This is likely due to the EPR effect. 33, 34 The UV-Visible and fluorescence spectrometry studies confirmed that both hydrophobic PS and hydrophilic fluorophores related to CDs can be co-loaded into amine functionalized PAA nanoconstructs and maintain their photophysical characteristics. The DLS and SEM images show that on co-postloading, the diameter and spherical shape of the NPs remain intact. The in vitro spectroscopic measurements show that excitation of nanoconstruct 8 channels more energy transport/-FRET from HPPH to CD, resulting in reduced efficiency of 1 for PDT efficacy. In contrast to synthetic HPPH-CD conjugates, a single dose of the PAA nanoconstruct can be used simultaneously for tumor imaging and for efficient long-term tumor cure by PDT. In addition, nanoconstructs 9 and 10 produced lower in vivo FRET signal as compared with nanoconstructs 7 and 8; however, the nanoconstruct 7 still provided the best PDT outcome (60% for PS 1 versus 40% for nanoconstruct 6). Further studies to improve the target-specificity of the nanoconstructs by introducing certain target-specific agents at the periphery of the PAA NPs are in progress. 35 
